The MIC of cefepime determined with the MicroScan WalkAway system was >=2 times higher than that of ceftazidime for 105 clinical isolates of Pseudomonas aeruginosa. This phenotype was confirmed by reference microdilution in 68 (64.8%) isolates, corresponding to 48 different rep-PCR patterns. The PSE-1 blactamase was identified in only 13.2% isolates, while oxacillinases were not identified in any of the 68 isolates. The level of expression of mexB, mexD and mexY was determined by real time RT-PCR in 8 clinical isolates representative of the different clones and patterns of susceptibility to cefepime and ceftazidime and in strain PAO1. All clinical strains overexpressed the mexY gene (18.3 to 152.7-fold in comparison with PAO1), although there was not a linear relationship between MIC of cefepime and level of mexY expression. Five of these strains contained mutations in the regulatory gene mexZ. mexD and mexB were also overexpressed in 3 and 2 isolates, respectively. Different mutations were observed in the regulatory genes nalD, mexR, nfxB and nalC. In conclusion, we have documented in our institution a polyclonal spread of P. aeruginosa with higher MICs of cefepime than to ceftazidime, related to overexpression of MexXY-OprM, coincident in some isolates with the production of PSE-1, MexCD-OprJ or MexAB-OprM. [1] . However, strains intermediate or resistant to cefepime and susceptible to ceftazidime have been described [2] [3] [4] [5] [6] [7] . This phenotype has been related to hyperproduction of the efflux system MexXY-OprM [2, [5] [6] [7] and/or the production of OXA-31 [3] , OXA-35 [4] or PSE-1 [2, 7] . Although the MexCD-OprJ system does not contribute to the basal natural resistance of P. aeruginosa [8] , when it is overexpressed it causes increased resistance to cefepime and other compounds (fluoroquinolones, macrolides,...) [9] . However, MexCD-OprJ overexpression is uncommon among clinical isolates of P. aeruginosa, with the notable exception of isolates from cystic fibrosis patients. In a previous study, none of 38 isolates more resistant to cefepime than to cefazidime overexpressed the MexCD-OprJ [2] . Also, in a collection of bacteremic isolates, MexAB-OprM and MexXY-OprM were overexpressed in 11% and 36% of the isolates, respectively, while MexCD-OprJ overexpression was not detected in any isolate [10] . Similarly, only 4 out of 110 clinical isolates with decreased susceptibility to ciprofloxacin hyperproduced MexCD-OprJ, and although these 4 isolates were less susceptible to cefepime than to ceftazidime, it was not possible to demonstrate the direct involvement of this efflux system in the decreased activity of cefepime [11] .
On the other hand, susceptibility testing of P. aeruginosa to cefepime with several automatic systems has caused either major errors (false resistance) or minor errors (resulting from categorizing some isolates as intermediate to cefepime when they actually were susceptible to this compound) [12] [13] [14] [15] [16] [17] . aeruginosa presenting lower susceptibility to cefepime than to ceftazidime. The objectives of this study were to confirm this phenotype using a standardized susceptibility testing assay and to describe the molecular mechanisms involved. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 spectrophotometrically and the quality of the samples was checked in agarose gels in denatured conditions. Quantification of specific genes was performed by qPCR in a two-step reverse transcription and real-time PCR using the iScript cDNA synthesis kit and iQ SYBR Green supermix (Bio-Rad). The rpsL gene was used as an internal reference to normalize the relative amount of RNA. The experiment was repeated in triplicate, using independent RNA extractions in every assay. The expression of the indicated genes was compared to their expression in the PAO1 strain. The genes were considered to be overexpressed when the amount of RNA was at least 4 times higher than that in PAO1.
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In the same set of 8 strains, the sequences of the regulatory genes mexR, mexZ, nfxB, nalC and nalD were determined after their amplification by PCR, There is scarce information on the clinical aspects related to P. aeruginosa less susceptible to cefepime than to ceftazidime. Our isolates were obtained from a variety of clinical samples, as already documented in another study [7] . The use of piperacillin-tazobactam has been reported as an independent risk factor for the acquisition of P. aeruginosa with this phenotype [7] . It is possible that the use of quinolones, which are good substrates for different efflux pumps [8] , may also select for strains with this phenotype. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 These strains lack PSE-1 but as they also displayed increased expression of mexY, it is rather difficult to define the actual contribution of either (or even both) efflux systems in the observed phenotypes. These three isolates overexpressing both mexY and mexD had different MIC values of cefepime and were not the ones with the highest MICs of cefepime suggesting that in addition of the (plausible) role of MexXY-OprM and perhaps that of MexCD-OprJ, other factors should be related in the strains we studied. mexB was also (Table 1) .
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Among the 8 strains studied in detail, HUMV_038 and HUMV_110 expressed PSE-1, but it is difficult to demonstrate whether their susceptibilities to ceftazidime and cefepime are due to MexXY efflux activity or PSE-1 expression.
Several mutations at DNA and protein levels were observed in all the efflux systems regulators we studied. In MexR, the Val-126Glu substitution was found in 7 out of the 8 strains (Table 1 ). This previously described mutation [23] [24] [25] was considered non significant as it was also observed in susceptible wild-type strains. Strain HUMV_026 carried a Thr-130Pro substitution. A similar amino acid substitution at the same position (Thr-130Ser) was described before [25] with no significant differences between susceptible and resistant isolates. A frameshift mutation due to an insertion of 12 bp between nucleotides 400 and 401 was also discovered in strain HUMV_026. This mutation affects the Cterminal portion of the protein including the stop codon TAA found in PAO1, resulting in a larger peptide. Frameshit mutations in MexR have already been reported related to MexAB-OprM overexpression [23, 26, 27] . Nevertheless, this change does not seem to considerably affect the ability of MexR to bind the promoter region of mexAB-oprM nor the way the repressor protein modulates the expression of this operon, as no high levels of expression were registered for mexB in strain HUMV_026.
NalC, the repressor of ArmR (antirepressor for MexR) displayed 3 recurrent amino acid substitutions: Gly-71Glu, Glu-153Gln and Ser-209Arg. Such mutations have also been described [26] and they seemed not to affect the integrity of NalC. Three new amino acid substitutions were observed in NalC: A previous study also showed that combined action of mutations in mexR, nalC and nalD may be responsible for the overexpression of MexAB-OprM [25] . mexZ presented several mutations in 5 out of 8 strains. Several attempts to amplify mexZ in strain HUMV_026 were unsuccessful, suggesting that this strain lacks this gene, possibly due to a deletion. This can also explain the overexpression of MexY. Two isolates (HUMV_038 and HUMV_110 ) had a Table 1 ). The Gly-195Arg
substitution is similar to a formerly described (Gly-195Glu) that correlated with overexpression of mexY and high MIC values of FEP in clinical strains of P.
aeruginosa [2] . Other mutations observed in MexZ were single amino acid substitutions: Leu-162Arg (strain HUMV_039), and Gly-137Asp plus Gly-195Arg
(strain HUMV_111). The mexZ gene of strains HUMV_089 and HUMV_057 did not show any mutations, however mexY was overexpressed in both strains (Table 1) , which may be due to mutations in additional mediators that control the expression of mexXY, as previously suggested in other studies [26, 28, 29] .
Several different amino acid substitutions in NfxB, the repressor of MexCDOprJ, have been identified. The amino acid substitutions Arg-33His and Asp- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 12 68Gly were previously described in clinical strains of P. aeruginosa [25, 30] but with different residue numbers (Arg-21His and Asp-56Gly, respectively). This is probably due to a miss-annotation of nfxB, hence the differences in the residues positions reported. In this study we have assumed that the start codon of the nfxB gene might be 36 nts upstream the "proposed" ATG, considering that the sequence AGGCCAG within the bounds of the gene (12 bp upstream the ATG) is more likely to be a ribosome binding site of this gene. In addition, the size of this "corrected sequence" is similar to that of its homolog genes in other P. aeruginosa strains like PA7 or even to that of other pseudomonads like P. syringae B728a. These two amino acid substitutions (Arg-21His and Asp-56Gly) were found to be related to ciprofloxacin resistance [30] . In the strain 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
